
Geological Society of America 
Special Paper 356 

2002 

Tracers of the extraterrestrial component in sediments and 
inferences for Earth's accretion history 

Frank T. Kyte* 
Center for Astrobiology, Institute of Geophysics and Planetary Physics, University of California, 

Los Angeles, California 90095-1567, USA 

ABSTRACT 

The study of extraterrestrial matter in sediments began with the discovery of 
cosmic spherules during the HMS Challenger Expedition (1873-1876), but has evolved 
into a multidisciplinary study of the chemical, physical, and isotopic study of sedi- 
ments. Extraterrestrial matter in sediments comes mainly from dust and large im- 
pactors from the asteroid belt and comets. What we know of the nature of these source 
materials comes from the study of stratospheric dust particles, cosmic spherules, mi- 
crometeorites, meteorites, and astronomical observations. 

The most common chemical tracers of extraterrestrial matter in sediments are 
the siderophile elements, most commonly iridium and other platinum group elements. 
Physical tracers include cosmic and impact spherules, Ni-rich spinels, meteorites, fos- 
sil meteorites, and ocean-impact melt debris. Three types of isotopic systems have 
been used to trace extraterrestrial matter. Osmium isotopes cannot distinguish chon- 
dritic from mantle sources, but provide a useful tool in modeling long-term accretion 
rates. Helium isotopes can be used to trace the long-term flux of the fine fraction of 
the interplanetary dust complex. Chromium isotopes can provide unequivocal evi- 
dence of an extraterrestrial source for sediments with high concentrations of mete- 
oritic Cr. 

The terrestrial history of impacts, as recorded in sediments, is still poorly under- 
stood. Helium isotopes, multiple Ir anomalies, spherule beds, and craters all indicate 
a comet shower in the late Eocene. The Cretaceous-Tertiary boundary impact event 
appears to have been caused by a single carbonaceous chondrite projectile, most likely 
of asteroid origin. Little is known of the impact record in sediments from the rest of 
the Phanerozoic. Several impact deposits are known in the Precambrian, including 
several possible megaimpacts in the Early Archean. 

INTRODUCTION has seen enormous growth has been the detection, character- 
ization, and understanding of the extraterrestrial component in 
sediments. More than a decade ago I wrote a paper on the ex- 
traterrestrial component in sediments (Kyte, 1988) that is now 
hopelessly outdated. This latest paper brings much of this topic 
up to date. Like the earlier paper, this is meant to be a general 
(although not comprehensive) review of what has been learned 

The discovery of anomalous indium concentrations in 
Cretaceous-Tertiary (K-T) boundary sediments (Alvarez et al., 
1980) sparked an explosion of research into the study of im- 
pacts, biotic extinction events, and relationships between extra- 
terrestrial phenomena and terrestrial ecosystems. One field that 

*E-mail: kyte@igpp.ucla.edu 

Kyte, ET., 2002, Tracers of the extraterrestrial component in sediments and inferences for Earth's accretion history, in Koeberl, C., and MacLeod, K.G., eds., 
Catastrophic Events and Mass Extinctions: Impacts and Beyond: Boulder, Colorado, Geological Society of America Special Paper 356, p. 21-38. 

21 



22 E T  Kyte 

about extraterrestrial matter in sediments. It focuses on the dif- 
ferent methods that have been developed to detect an extrater- 
restrial component and the types of interpretations that can be 
made using these methods. As much as possible, these topics 
are presented in a historical perspective. There is a brief dis- 
cussion of the major implications of this work, based on my 
views. For a discussion of the identification of meteoritic com- 
ponents in impact melt rocks, breccias, and other impactites, 
see Koeberl (1998). 

HISTORICAL BEGINNINGS 

The study of this extraterrestrial component in sediments 
began with the discovery of cosmic spherules in deep-sea sed- 
iments collected during the expedition of the HMS Challenger 
(1873-1876). Murray and Renard (1883, 1891) found that the 
magnetic fraction of some sediments contained what they called 
“cosmic dust.” These were black magnetic spherules, rarely as 
large as 200 pm, and brown spherules, typically 500 pm. Most 
of the magnetic fraction could be attributed to volcanic or other 
terrestrial sources. However, the spherules were unusual; the 
black magnetic variety had metallic cores and the brown spher- 
ules bore a striking resemblance to chondrules, a common com- 
ponent of chondritic meteorites. Murray and Renard (1891, p. 
333-336) noted that “while they are universally distributed, 
they are more abundant in regions where the accumulation of 
the deposit is relatively slow, and most abundant where the rate 
of deposition is reduced to a minimum, viz. in the deepest water 
far removed from continental land.” They concluded that these 
were “extraterrestrial bodies allied to meteorites, and in all 
probability thrown off by them in their passage through the 
Earth’s atmosphere.” In this work, the scientists of the HMS 
Challenger recognized two important facts: (1 ) cosmic spher- 
ules formed by atmospheric ablation of meteoritic material and 
(2) the concentration of extraterrestrial material was highest in 
the most slowly accumulating sediments. 

Murray and Renard (1  891) cited other work of their time 
describing possible “cosmic dust.” None appeared to be so con- 
clusive in their results as the Challenger work, but they noted 
that Nordenskjold (1881, cited in Murray and Renard, 1891) 
collected dust in Greenland in deposits of “Krykonit.” These 
deposits, which occur in lakes on the Greenland ice sheet, are 
now known to contain some of the best-preserved concentrates 
of cosmic spherules yet discovered (Maurette et al., 1986). In 
the succeeding century nearly all work on extraterrestrial matter 
in sediments concentrated on cosmic spherule studies. This 
work was mainly descriptive, or focused on new types of de- 
posits in which cosmic spherules could be found, such as Pleis- 
tocene beach sands (Marvin and Einaudi, 1967) and Paleozoic 
salt deposits (Mutch, 1966). One of the first applications of the 
newly designed electron microprobe was to directly measure 
the Ni content of magnetic cosmic spherules (Castaing and 
Fredriksson, 1958), providing the first strong chemical evidence 
supporting their cosmic origin. 

Cosmic spherule science took a major step forward in the 
1970s and early 1980s with new collections and refined anal- 
yses that directly linked them to specific types of meteorites. 
This work was largely spearheaded by Don Brownlee and co- 
workers who were analyzing the source materials of cosmic 
spherules, Le., interplanetary dust. In the mid-1970s NASA 
U-2 aircraft were first used routinely to collect dust in the strato- 
sphere (e.g., Brownlee, 1985). This dust was found to have 
similarities to some types of chondritic meteorites. Large vol- 
ume collections of cosmic spherules included use of a magnetic 
sled dragged on the ocean floor to obtain millions of specimens 
(Brownlee et al., 1979). Neutron activation analyses of individ- 
ual spherules (Ganapathy et al., 1978) added Ir to the list of 
elements indicating a cosmic origin. Scanning electron micro- 
scope (SEM) and electron microprobe analyses of stony spher- 
ules (the brown spherules of Murray and Renard, 1891) proved 
that the major element chemistry was similar to that of chon- 
drites and that unmelted relict grains of meteorite minerals 
could survive atmospheric ablation (Blanchard et al., 1981). 
The final proof that cosmic spherules had to be of extraterres- 
trial origin was from the detection of cosmogenic 53Mn, a short- 
lived isotope that can only have formed by irradiation in space 
(Nishiizumi, 1983). 

In addition to the work on cosmic spherules, a number of 
workers attempted to use chemical methods to determine the 
flux of cosmic matter to marine sediments. Analyses of the Ni 
content of deep-sea sediments and Antarctic ice (Pettersson and 
Rotschi, 1950; Pettersson and Fredriksson, 1958; Bonner and 
Lourenco, 1965) yielded what are now known to be erroneously 
high values. Barker and Anders (1968) used two platinum 
group elements (PGEs), Ir and Os, to obtain the first reasonable 
estimate of the long-term flux of extraterrestrial matter. They 
showed that the concentration of Ir was inversely proportional 
to the sedimentation rate of slowly accumulating deep-sea clays 
(Fig. 1). From this relationship they derived an estimate of 
60000 t/yr of cosmic matter accreted to the Earth, a value that 
has not changed by a factor of two over the past three decades. 

The first attempt to use the Barker and Anders (1968) data 
to measure the accumulation rate of a sediment deposit, based 
on its Ir concentration, was by Alvarez et al. ( I  980). The results 
of this experiment are now almost legend. They found that the 
Ir concentration of sediments from the K-T boundary were far 
too high to be from the background influx of cosmic debris, 
and thus this experiment was a failure; however, it was one of 
the more spectacular failures in the history of Earth sciences. 
Alvarez et al. (1980) explained the anomalous Ir concentrations 
as being due a sudden influx of extraterrestrial matter at the end 
of the Cretaceous. Their hypothesis was that this influx was due 
to the impact of an asteroid or comet, 10 km in diameter, and 
that the K-T boundary clay was ejecta from this impact. The 
most exciting aspect of their hypothesis was the speculation that 
this impact was likely responsible for the mass extinctions re- 
corded at the K-T boundary. The cause of these extinctions had 
been the subject of controversy for the preceding century, and 
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Figure 1. Iridium concentrations in deep-sea sediments are inversely 
correlated with sediment accumulation rates. Solid line is correlation 
based on five sediment samples. Dashed lines are 20  uncertainties. 
After Barker and Anders (1968). 

the Alvarez et al. (1980) discovery provided the first extinction 
hypothesis that was backed up by reproducible physical data 
and that had testable predictions. Although not precisely 100 
yr after the initial discovery of cosmic dust, the discovery of 
the K-T boundary Ir anomaly, along with modern analyses of 
cosmic spherules and interplanetary dust, could be considered 
the start of the second century of research on the extraterrestrial 
component in sediments. 

SOURCES OF EXTRATERRESTRIAL MATTER 

The influx of extraterrestrial materials to the Earth is dom- 
inated by two size fractions: submillimeter interplanetary dust 
and impacting asteroids and comets (Fig. 2; Kyte and Wasson, 
1986). The dust is derived from collisions in the asteroid belt 
and from materials expelled from the surface of comets. To 
some degree, both the large projectiles and the finest dust have 
the same two source regions. The modern flux of interplanetary 
dust, as directly measured from impacts on a satellite collector 
(Love and Brownlee, 1993), is 30000 k 10 000 t/yr (revised 
from 40000; Engrand and Maurette, 1998). The flux of large 
impactors is less well known, and must be estimated from anal- 
yses of crater statistics and astronomical observations of pop- 
ulations of comets and Earth-crossing asteroids (e.g., Wetherill 
and Shoemaker, 1982). However, it is generally accepted that 
most of the mass of extraterrestrial matter accreted to the Earth 
over geological time scales is from the rare, largest impactors. 

The actual composition of these source materials, particu- 
larly over long time scales, is uncertain. The modern flux of 
interplanetary dust could be dominated by recent impacts in the 
asteroid belt or by a few large, dusty comets. Because dust 
particles have dynamic lifetimes of only about lo5 yr before 
they spiral into the Sun (Love and Brownlee, 1993), the dust 
complex can be dominated by just a few source objects at any 
given time. Although it is generally accepted that meteorites 
are derived from asteroid belt objects, the well-classified me- 
teorites are probably from no more than 20 asteroids (Dodd, 
1989). Astronomical observations of the spectral reflectance of 
asteroids show that they appear to vary in composition with 
radial distance from the Sun (Fig. 3; Bell et al., 1989; Shearer 
et al., 1998). It appears that the outer portion of the asteroid 
belt is populated by highly carbonaceous asteroids (types P and 
D) that may be unlike typical meteorites. Direct sampling of 
comets is limited to flybys of comet Halley, but these have 
shown that, in addition to the high concentrations of ice in this 
comet, the dust contains about 30% carbonaceous matter (e.g., 
Jessberger and Kissel, 1989). 

Interplanetary dust is distinctly different, on average, from 
typical meteorites. Interplanetary dust particles (IDPs) collected 
from the stratosphere sample the 5-50 pm fraction of the dust 
complex. These are mostly fine-grained chondritic particles 
(Brownlee, 1985). The remainder of the dust is typically either 
melted particles or individual mineral grains. The carbon con- 
tent of the smaller chondritic IDPs (- 10 pm), those least heated 
by atmospheric entry, is typically several times that of the most 
carbon-rich meteorites (e.g., Brownlee et al., 1997a), so these 
objects are distinct from most meteorites. Possibly these parti- 
cles are from the outer asteroid belt or from comets. Larger 
unmelted dust particles (50-500 pm) have been recovered as 
unmelted micrometeorites from Antarctic melt ice (Engrand 
and Maurette, 1998). These particles are also much more carbon 
rich than carbonaceous chondrite meteorites and petrographi- 
cally they most resemble CM and CR chondrites, two relatively 
rare meteorite groups. 

Several attempts have been made to link IDPs to either 
asteroid or cometary sources (e.g., Klock et al., 1989; Bradley 
and Brownlee, 1991). The fine-grained IDPs can generally be 
classified as belonging to one of two types, smooth or porous 
(Brownlee, 1985). The smooth IDPs are typically dominated 
by hydrated clays (e.g., saponite, crondstedite) and are from an 
object that underwent aqueous alteration (Fig. 4A). The porous 
IDPs (Fig. 4, B and C) are composed mainly of very fine 
grained, anhydrous phases, and have been found to contain un- 
usual materials called GEMS (Fig. 4D), an acronym for “glass 
with embedded metal and sulfides.” Because of their apparently 
amorphous silicates, and possibly heavy radiation damage, 
these GEMS are considered a likely candidate for unprocessed 
interstellar materials (Bradley et al., 1999). Detailed studies of 
the He content of IDPs has been used to model relative veloc- 
ities of a large number of IDPs in an attempt to distinguish 
asteroidal from cometary sources (Joswiak et al., 2000). This 
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Figure 2. Influx of extraterrestrial matter 
to Earth is dominated by two size frac- 
tions, interplanetary dust and large as- 
teroids and comets. Histogram is after 
Kyte and Wasson (1986). Dashed curve 
is adapted from Love and Brownlee 
( 1  993). 
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work found that the asteroidal IDPs, having velocities < 14 
k d s ,  were dominated by compact particles with hydrated sil- 
icates. Cometary IDPs, having velocities > 18 k d s ,  were 
mostly anhydrous, porous types containing GEMS. These data 
probably present the best criteria for distinguishing cometary 
from asteroidal materials in interplanetary dust. 

TRACERS OF EXTRATERRESTRIAL MATTER 
IN SEDIMENTS 

The extraterrestrial component in sediments can be traced 
by three distinct methods: chemical, physical, and isotopic. The 
most common chemical tracers are the PGEs, of which Iris the 
most frequently studied. More recently, fullerenes have been 
described as potential tracers that may survive even large-body 
impacts. Physical tracers include actual meteorites, cosmic 
spherules, impact spherules, spinels derived from either of these 
rocks, and ocean-impact melt debris. Three isotopic systems, 
using isotopes of Os, He, and Cr, have been successfully ap- 
plied to tracing extraterrestrial matter. Each of these has been 
successful in examining different aspects of the accretion of 
meteoritic materials to the Earth. These three types of tracers 
are discussed in the following. 

Chemical tracers 

Siderophile elements. Siderophile elements are those that 
2 3 4 5 would be concentrated in a metallic phase, if one were present 

in a rock. Siderophile elements can be useful tracers of extra- 
terrestrial matter because they are highly depleted in the Earth's 
crust as a result of both the core-mantle separation early in Earth 
history (ChoU, 1978), and the subsequent mantle-crustfraction- 
ation. Siderophiles include the PGEs (Ru, Rh, Pd, Os, Ir, and 

Distance from Sun (AU) 
Figure 3. Reflectance spectra of objects in the asteroid belt show that 
there are several types of asteroids. The outer asteroid belt appears to 
be dominated by icy carbonaceous chondrites that may not be common 
in meteorite collections (after Bell et al., 1989). 
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Figure 4. Interplanetary dust particles are routinely collected in the stratosphere. Low-velocity dust particles are probably 
derived from asteroids. These are commonly compact particles with hydrated silicates (A). High-velocity particles are 
probably cometary. These are commonly anhydrous porous aggregates (B and C) with GEMS (D; glass with embedded 
sulfides). Long object in B is probably glass. A-C are secondary electron imaiges. D is transmission electron microscope 
image. Photos courtesy of D.E. Brownlee. 

Pt) and Au, Re, Ni, Co, and Fe. Although it is not typically 
considered a siderophile in meteorites, Cr is also highly de- 
pleted in the crust relative to its concentration in chondritic 
meteorites, and it can also be a useful measure of extraterrestrial 

ing. Of the siderophiles, Ir has proven the most commonly used 
and effective tracer of extraterrestrial matter due to its strong 
depletion in crustal rocks relative to chondrites (by a factor of 
-lo4; Palme et al., 1978) and its relatively easy detection by 
neutron activation analysis at extremely low concentrations. 
Recent work in the application of inductively coupled plasma 
mass spectroscopy to PGE analyses has seen the development 
of methods for rapid determination of PGEs with detection lim- 
its similar to those previously obtainable only by radiochemical 
neutron activation analyses (Ravizza and Pyle, 1997). 

The first successful attempt at using siderophiles as a mea- 
sure of extraterrestrial matter was that of Barker and Anders 
(1968), who measured Ir and Os concentrations in slowly ac- 
cumulating deep-sea clays. They used this to calculate an ex- 
traterrestrial matter accretion rate that is little changed to this 
date (e.g., Kyte and Wasson, 1986; Peucker-Ehrenbrink, 1996). 
The Barker and Anders (1968) study is attributed as the basis 
for the Ir measurements performed by Alvarez et al. ( 1  980) that 

matter. Chromium isotopic studies are discussed in the follow- 

led to the discovery of the K-T boundary Ir anomaly. Shortly 
after the discovery of the K-T Ir anomaly, other workers found 
anomalies for Os (Smit and Hertogen, 1980), as well as other 
PGEs, Re, and Au (Ganapathy, 1980; Kyte et al., 1980). The 
other PGEs were all found to have interelemental abundances 
roughly similar to those in chondrites. This was considered to 
be another strong argument for a meteoritic signature in K-T 
boundary sediments. 

In succeeding years, a number of workers used abundances 
of a number of PGEs and siderophiles to argue for an extrater- 
restrial provenance for K-T boundary sediments (e.g., Smit and 
Kyte, 1984; Gilmore et al., 1984; Kyte et al., 1985). Although 
this work showed that interelement abundances for siderophiles 
were similar to those in chondritic meteorites, there were frac- 
tionations noted by other workers. For example, Tredoux et al. 
(1989) argued that PGE abundances were different between 
Northern and Southern Hemisphere K-T boundary sites, and 
that this might best be explained by a mantle-derived source 
for the PGEs. Evans et al. (1993) argued that differences in the 
ratio of Ru/Ir between K-T sites in North America and Europe 
was a primary feature, related to the relative volatilities of these 
two elements and their condensation from an impact-generated 
vapor plume. Evans et al. (1993) argued that the Ru/Ir ratio 
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should increase with increasing distance from the impact crater. 
In retrospect, while it is now relatively clear that the PGEs in 
K-T boundary sediments were probably largely derived from 
the Chicxulub projectile, the specific physical and chemical 
processes involved in their transfer to sediments, as well as their 
final preservation in K-T boundary clays, are still poorly un- 
derstood. 

Immediately following the Alvarez et al. (1980) discovery, 
additional Ir anomalies were linked to other likely impact de- 
posits. Anomalous Ir was inadvertently discovered by Crocket 
and Kuo (1979), actually predating the K-T boundary discov- 
ery, in a sample of late Pliocene sediment from USNS Eltunin 
sediment core E l  3-3. However, the significance of this anomaly 
was not recognized until Kyte et al. (1981) studied the core in 
greater detail. Subsequent work has now thoroughly docu- 
mented this as a signal from the Eltanin asteroid impact (e.g., 
Gersonde et al., 1997). Ganapathy (1982) found an Ir anomaly 
in late Eocene sediments closely associated with microtektite 
deposits. The confirmation of this anomaly as being stratigraph- 
ically below the microtektite horizon (Sanfilippo et al., 198.5) 
led to the understanding that late Eocene clinopyroxene spher- 
u l e ~  were from a separate impact event, actually predating the 
impact that produced the microtektites (Glass et al., 1985; Glass 
and Burns, 1987). 

The excitement surrounding the possible extraterrestrial 
cause of the K-T boundary extinctions led to speculation that 
many other mass extinctions might have been caused by im- 
pacts. When Raup and Sepkoski (1984) found an apparent pe- 
riodicity in the frequency of mass extinctions, several astro- 
nomical mechanisms were proposed that could cause periodic 
perturbations of the Oort Cloud, a symmetric cloud of comets 
extending to interstellar distances (Weissman, 1985). These 
mechanisms for causing periodic comet showers included per- 
turbations by a dark companion star to the Sun (Whitmire and 
Jackson, 1984; Davis et al., 1984), giant molecular clouds en- 
countered as the solar system oscillates through the galactic 
plane (Rampino and Stothers, 1984), and an unobserved tenth 
planet (Whitmire and Matese, 198.5). 

This excitement was largely followed by disappointment 
as extensive searches of numerous extinction horizons (sum- 
marized by Orth et al., 198.5; Kyte, 1988) found no strong evi- 
dence to link them to extraterrestrial factors. Reports of an Ir 
anomaly at the Permian-Triassic (P-T) boundary (Xu et al., 
1985) lent some hope after earlier work proved negative (Asaro 
et al., 1982; Alekseev et al., 1983), but subsequent work failed 
to confirm this (Clark et al., 1986; Zhou and Kyte, 1988). Re- 
tallack et al. (1998) described deformed and possibly shocked 
quartz in P-T sediments, but a possible extraterrestrial event at 
this greatest mass extinction remains unproven. Several reports 
of spherules in Late Devonian sediments (e.g., Wang, 1992; 
Claeys and Cassier, 1994) been were intriguing, but detection 
of any clearly defined extraterrestrial component, such as a 
strong Ir anomaly, has remained elusive (e.g., Mc Ghee et al., 
1985; Claeys et al., 1996). In my opinion, no mass extinction 

other than that at the K-T boundary has been conclusively 
linked to a strong extraterrestrial signature. 

A significant extraterrestrial component has been detected 
in several Precambrian deposits. Late Precambrian ejecta found 
in Australian shales that contain shocked minerals and rocks 
are probably derived from the Acraman impact structure (Gos- 
tin et al., 1986; Williams, 1986). These deposits have anoma- 
lous Ir and other PGEs (Gostin et al., 1989; Wallace et al., 
1990). Small Ir anomalies have been found in at least two of 
four known spherule deposits from the Hamersley basin of 
western Australia (Simonson et al., 1998), and anomalous PGEs 
in addition to Ir have been found in a Late Archean spherule 
layer in South Africa (Simonson et al., 2000). These reports all 
lend significant credence to interpretations of an impact origin 
for these multiple spherule deposits. 

Perhaps the most spectacular deposits with a large extra- 
terrestrial component are found in the Early Archean (3.2-3.5 
Ga) Barberton Greenstone Belt, South Africa. Lowe et al. 
(1989) identified at least four spherule beds with thicknesses 
ranging from -10 to 100 cm. They cited several criteria that 
distinguish these beds from typical volcanic and clastic sedi- 
ments, including (1) wide geographic distribution in a variety 
of depositional environments, (2 )  relict quench textures, (3) ab- 
sence of juvenile volcaniclastic debris, and (4) extreme enrich- 
ment of Ir and other PGEs. However, some workers argue for 
a terrestrial origin, possibly related to volcanism and gold min- 
eralization (e.g.. Koeberl et al., 1993; Koeberl and Reimold, 
199.5). Perhaps the strongest arguments, by Koeberl and Rei- 
mold (1993, are the extreme enrichments of Ir in these rocks 
and the proximity of some spherule bed localities to rocks with 
strong gold mineralization. A few individual samples from 
within these beds contain Ir concentrations equal to or higher 
than those in chondrites. The average content of extraterrestrial 
matter in these beds (based on PGE abundances) is probably 
10%-20% by weight (e.g., Koeberl and Reimold, 199.5; Shu- 
kolyukov et al., 2000a). These are very high concentrations, but 
comparable extremes have been observed in K-T boundary sed- 
iments (on a carbonate-free basis; e.g., Kyte et al., 1980; 
Schmitz, 1988), and in materials concentrated from K-T bound- 
ary sediments (Robin et a]., 1993; Kyte, 1998). 

In a detailed study of PGE abundances in one of these 
spherule beds (bed S4), Kyte et al. (1992) found strong corre- 
lations between Ir, Pt, Os, Pd, and Au in a set of 15 samples 
that had absolute PGE concentrations that varied by an order 
of magnitude. Average elemental ratios based on correlations 
for Os/Ir and P a r  were -0.8 times those ratios in CI chondrites 
(Fig. 5). This is a remarkable agreement, considering analytical 
uncertainties of at least 10% and the fact that these rocks had 
undergone early hydrothermal metamorphism that completely 
replaced primary impact minerals with chlorite and quartz. 
They found that Pd was depleted and Au was strongly depleted 
relative to chondrites, P a r  and Au/Ir being 0.41 and 0.02 times 
CI, respectively. Kyte et al. (1992) pointed out that of these five 
siderophiles, Au and to a lesser extent Pd, are known to be the 
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Figure 5. Plots of Os, Pt, Pd, and Au vs. 
Ir in samples from three Early Archean 
spherule beds: 15 samples from bed S4 
(open squares) are strongly correlated 
(solid line). Ratios for Os& and P a r  are 
close to those ratios in CI chondrites 
(dashed line and cross). Samples from 
beds S3 (black circles) and S2 (gray tri- 
angles) also have abundances similar to 
those in chondrites, except for Au in one 
sample. After Kyte et al. (1992). 
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most mobile during alteration. They argued that this pattern of 
high concentrations of Ir, Os, and Pt at chondritic abundances 
with depleted Pd and Au is consistent with an original chon- 
dritic source that had been altered by secondary processes. This 
is the opposite of the pattern that one would expect due to gold 
mineralization, which would result in deposits highly enriched 
in Au and Pd relative to other siderophiles. 

This pattern of Au and Pd enrichment that Kyte et al. 
(1992) predicted should be caused by mineralization was ob- 
served in a study of another Early Archean spherule bed. Rei- 
mold et al. (2000) reported detailed analyses of PGEs and Au 
in a number of samples from the Princeton Mine, South Africa. 
These included a number of samples from spherule bed S2 as 
well as samples from rocks that were heavily mineralized. Most 
of their spherule bed samples had chondritic interelement abun- 
dances for Ir, Ru, Rh, and Pt, but variable abundances for Pd 
and Au. The latter elements were both either somewhat depleted 
or enriched relative to chondritic interelement abundances. In 
contrast, the rocks that had undergone high levels of Au min- 
eralization had more fractionated PGE abundances (relative to 
chondrites) at much lower concentrations than in the spherule 
beds. These mineralized samples also had moderate enrichment 
of Pd (-5 times) and extreme enrichment of Au (to IO4 times) 

relative to the other PGEs. Reimold et al. (2000) remained 
highly skeptical of an extraterrestrial origin for this PGE anom- 
aly, noting the extreme enrichment of Ir in a few samples, as 
well the fact that a few samples that did not contain spherules 
also had high Ir concentrations. However, arguments of terres- 
trial versus extraterrestrial origin for these beds may soon be 
moot. Recent analyses of Cr isotopes have confirmed the ex- 
traterrestrial nature of the siderophile anomaly, at least in bed 
S4 (Shukolyukov et al., 2000a). This method should soon re- 
solve this question in the other spherule beds, and allow future 
studies to work on unraveling the nature of extraterrestrial and 
terrestrial processes that cause such large PGE enrichments. 

Fullerenes. Fullerenes (C ,  and C70) have been reported 
in K-T boundary sediments (Heymann et al., 1994; Becker, 
2000) and in breccias from the 1.85 Ga Sudbury impact struc- 
ture (Becker et al., 1994). The origin of these fullerenes was 
originally attributed to K-T boundary wildfires (Heymann et 
al., 1994) or formation within the impact plume (Becker et al., 
1994). However, 'He has now been reported in fullerenes from 
both of these deposits (Becker et al., 1996; Becker, 2000), and 
it has been suggested that the fullerenes might also be of extra- 
terrestrial origin. If so, fullerenes would represent a new type 
of tracer of extraterrestrial matter. However, another study of 
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the Sudbury breccia (Mukhopadhyay et al., 1998) contradicted 
these results, and concluded that all 3He in these rocks could 
be attributed to decay of 6Li. Further work is needed to evaluate 
the potential of this method before it can be accepted as a rou- 
tine tracer of extraterrestrial matter in sediments. 

Physical tracers 

Cosmic and impact spherules. These two types of spherules 
are discussed together because in some cases it is not possible 
to distinguish them. Spheroidal material has been described in 
numerous settings, but much of this work includes spherules of 
unproven meteoritic or even impact origin. For this reason, in 
this section I concentrate on well-documented occurrences of 
spherules that contain a significant meteoritic component. 

Cosmic spherules are derived primarily from atmospheric 
ablation of interplanetary dust grains. Murray and Renard 
(1 983) originally distinguished two types, black magnetic 
spherules and brown chondrule-like spherules. The chondrule- 
like spherules are now referred to as stony, and have a roughly 
chondritic major element composition (e.g., Brownlee et al., 
1997b). These are by far the most abundant type of cosmic 
spherule. The black spherules are composed of oxides of Fe 
(magnetite, wiistite, hematite), often with a core of metallic 
NiFe. Although they clearly had a metallic precursor, a large 
fraction of the black magnetic type is almost certainly derived 
from chondritic metal, rather than from iron meteorites (Herzog 
et al., 1999). Thus, the bulk composition of most of the mate- 
rials that make up the cosmic spherules is chondritic in origin. 
Detailed analyses of the major element chemistry of the stony 
spherules shows that they have compositions that are on aver- 
age similar to type CM chondrites (Brownlee et al., 1997b), 
although they are depleted in volatiles (Na, S) due to atmo- 
spheric heating and depleted in siderophiles by a less under- 
stood mechanism, possibly due to separation of immiscible 
phases during melting in the atmosphere. 

Cosmic spherules are now known from a wide range of 
environments and ages. These include recent deep-sea sedi- 
ments, Pleistocene beach sands (Marvin and Einaudi, 1967), 
mid-Cenozoic clays (Taylor and Brownlee, I991 ; Kyte and 
Bostwick, 1995), Jurassic hardgrounds (Czajkowski, 1987; Je- 
hanno et al., 1988), Silurian and Permian salt deposits (Mutch, 
1966), and Proterozoic red sandstones (Kettrup et al., 2000). It 
is now well established that silicate spherules are poorly pre- 
served in deep-sea sediments and new types of spherules have 
been discovered in less corrosive environments, such as blue 
lakes in Greenland (Maurette et al., 1986; Robin, 1988; Taylor 
and Brownlee, 1991). The most spectacular and well-preserved 
cosmic spherule collections have come from a water well at the 
South Pole (Taylor et al., 2000). This collection includes a full 
range of particles, from totally melted spherules (including 
types never described before) through unmelted micrometeor- 
ites, and represents the best collection to date of samples from 
the coarse fraction of the interplanetary dust complex. 

Most impact spherules probably do not contain a signifi- 
cant extraterrestrial component, so, although they may be trac- 
ers of impact events, they are not necessarily tracers of mete- 
oritic materials. Microtektite deposits are well known for 
having extremely low Ir concentrations (e.g., Schmidt et al., 
1993). The common interpretation of this is that there is an 
extremely low concentration of meteoritic matter in the ejecta. 
Thus, the microtektites are composed almost entirely of terres- 
trial impact target materials. Glass and Koeberl(l999) reported 
Ir concentrations as high as 0.3 ng/g in late Eocene microtek- 
tites, but this is <0. 1 % of the concentration in chondritic me- 
teorites (-580 ng/g on a volatile-free basis). 

Late Eocene clinopyroxene-bearing spherules are associ- 
ated with a significant Ir anomaly (e.g., Sanfilippo et al., 1985; 
Glass and Koeberl, 1999; Vonhof and Smit, 1999). Unfortu- 
nately, no analyses of Ir have been reported for the clinopyrox- 
ene spherules. However, Glass and Koeberl (1999) cited a Ni/ 
Ir ratio of IO6 from R. Ganapathy (1983, personal commun.). 
Glass and Koeberl (1 999) measured Ni concentrations up to 4 
mg/g in clinopyroxene spherules from Ocean Drilling Program 
Site 689, so one can infer that clinopyroxene spherules have an 
Ir content of -4 ng/g. This is a significant concentration of Ir, 
but still (1% of chondritic abundances and an insufficient 
amount to account for the Ir deposited at this site. The peak 
concentration of clinopyroxene spherules found at Site 689 by 
Glass and Koeberl (1999) was <30 spherules per gram of sed- 
iment. These small particles (- 100 pm) cannot possibly be the 
camer of the Ir in sediments in which Montanari et al. (1993) 
found bulk Ir concentration of 0.16 ng/g. 

Many types of spherules are known in K-T boundary sed- 
iments, but most are probably not the principal carrier of Ir and 
other meteoritic components. Large spherules composed of a 
tektite-like glass occur in regional deposits near the Chicxulub 
impact structure, in Haiti, and in the base of tsunami deposits 
along the Gulf of Mexico (e.g., Smit 1999). These tektites may 
also be the source of the lower clay layer of the impact couplet 
in the North American interior (e.g., Bohor and Glass, 1995). 
They are not a significant carrier of the global Ir anomaly (e.g., 
Rocchia et al., 1996). The main carrier of the extraterrestrial 
component in K-T boundary sediments is in the global ejecta, 
which compose the uppermost layer of sediments in regional 
deposits near Chicxulub (Smit, 1999). This layer is also mostly 
composed of spherules, and Smit (1999) estimated the spherule 
concentration to be -20000/cm2. At least three types of spher- 
ules have been described from the global K-T layer (Montanari 
et al., 1983; Smit et al., 1992). Spherules composed largely of 
glauconite or potassium feldspar have similar dendritic textures, 
which Smit et al. (1992) suggested may be derived from cli- 
nopyroxenes. Spherules containing unaltered clinopyroxene 
have only been observed in the K-T boundary from the North 
Pacific Deep Sea Drilling Project (DSDP) Site 577. Smectitic 
spherules containing an Ni-rich, magnesioferrite spinel are 
known from a number of sites around the world (e.g., Kyte and 
Smit, 1986; Kyte and Bostwick, 1995). 
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Only the spinel-bearing spherules are clearly established as 
an important carrier of the siderophile-element anomaly in 
K-T boundary sediments. Montanari et al. (1983) measured 68 
nglg Ir in magnetic concentrates of spherules from Petriccio, 
Italy. This was nearly an order of magnitude greater than the 8 
nglg Ir of the bulk sediment. By contrast, K-feldspar spherules 
contained 1 nglg Ir and glauconitic spherules were <2 nglg Ir. 
Smit and Kyte (1984) also showed that the Italian spinel- 
bearing spherules had element/Ir ratios for Pt, Au, and Pd that 
were within a factor of two of those ratios in chondritic mete- 
orites. The conclusion was that these spherules contained 
- 10% chondritic materials. In a similar study of spinel-bearing 
spherules from North Pacific DSDP Site 577, Robin et al. 
( 1  993) analyzed individual spherules. Their average concentra- 
tion of 84 nglg Ir is comparable to, but somewhat higher than, 
the values measured in Italy. Robin et al. (1983) found that a 
few individual spherules had concentrations as high as 610 ngl 
g Ir, comparable to levels in chondritic meteorites. 

There is some disagreement as to the actual source of the 
spinel-bearing spherules. Robin et al. (1993) argued that they 
are derived directly from meteoritic materials by atmospheric 
ablation related to localized impact events. Rocchia et al. (1996) 
proposed that this might have resulted from reentry of projectile 
material that was ricocheted from the Chicxulub crater during 
a low-angle impact event. Whereas a direct meteoritic source 
may be the only reasonable interpretation of the very Ir-rich 
particles, Kyte and Bostwick (1996) argued that the regional 
variability of spinel compositions and textures are best ex- 
plained by formation of spherules within the impact plume, 
possibly by condensation from the impact vapor. Competing 
hypotheses of formation of spinel-bearing spherules as individ- 
ual ablation droplets (Gayraud et al., 1996) or vapor conden- 
sates (e.g., Kyte and Bostwick, 1985; Ebel and Grossman, 
1999) have yet to be resolved. However, an undisputed fact is 
that these particles are an important carrier of meteoritic ma- 
terials in K-T boundary sediments. 

Several other occurrences of spherules that are likely car- 
riers of a significant extraterrestrial component have been doc- 
umented. Spinel-bearing spherules were produced by the late 
Pliocene oceanic impact of the Eltanin asteroid (Margolis et ai., 
1991 ; discussed further in the following). Spinel-bearing spher- 
ules from a late Eocene Ir anomaly in sediments from Massig- 
nano, Italy, were described as ablation particles formed from a 
comet impact (Pierrard et al., 1998). However, there are no 
specific Ir data on these spherules, and it is not clear that it is 
possible to distinguish them from clinopyroxene spherules 
found in other late Eocene deposits (e.g., Glass and Koeberl, 
1999; Vonhof and Smit, 1999), which cannot be the main carrier 
of Ir in these deposits. Unusual spinel-bearing spherules from 
a Jurassic hardground (Jehanno et al., 1988) have Ir contents 
averaging 300 nglg and include individuals with unusual, com- 
pound spherule shapes. Presumably they formed by accretion 
of multiple droplets in flight. The only known analogue to this 
is compound spherules formed by the Eltanin impact (Margolis 

et al., 1991). Jehanno et al. (1988) inferred that the Jurassic 
spherules all formed in a single large accretionary event. Spher- 
ules are also known in several layers in Proterozoic and Late 
Archean sediments, several of which contain small Ir anomalies 
(e.g., Simonson et al., 2000; Simonson and Harnik, 2000). Per- 
haps the most spectacular spherule deposits are those found in 
Early Archean sediments (e.g., Lowe et al., 1989), which are 
discussed herein. 

Spinels. Ni-rich magnesioferrite spinels are known to oc- 
cur in many types of spherules, including cosmic spherules 
(e.g., Robin et al., 1992) and impact spherules such as at the 
K-T boundary (Smit and Kyte, 1984), in Eltanin ejecta (Mar- 
golis et al., 1991), and even in an Archean spherule bed (Byerly 
and Lowe, 1994). These spinels are often considered to be high- 
temperature phases that have survived diagenetic alteration and 
record processes involved in formation and evolution of at least 
one K-T boundary component (e.g., Kyte and Smit, 1986; 
Robin et al., 1992; Kyte and Bostwick, 1995). Very little is 
known about the trace element chemistry of these spinels. Bo- 
hor et al. (1986) measured 29 t 1 1 ng/g Ir in spinels from the 
K-T boundary at Carvaca, Spain, less than the bulk Ir content 
of the Caravaca boundary clay (52 nglg; Bohor et al., 1986). 
Therefore, although the spinel has an extraterrestrial compo- 
nent, it cannot be the principal carrier of Ir at this site. Ni, Cr, 
and a significant fraction of other major elements (e.g., Mg, Fe, 
Al) in these spinels may be derived directly from meteoritic 
precursors. 

Unfortunately, the silicate portion of the spherules from 
which these spinels crystallized does not survive alteration. At 
best, the silicates are preserved as clays with relict textures (e.g., 
Montanari et al., 1983; Robin et al., 1993), but they often fall 
apart during sample processing and only individual spinels can 
be extracted from sediment. In the latter case, spinels can be 
used as a proxy tracer of extraterrestrial matter that was origi- 
nally contained in spherules. 

At many K-T boundary sites, individual spinel grains have 
served as useful tracers of the physical debris deposited by the 
impact event (Bohor et al., 1986; Zhou et al., 1991; Robin et 
al., 1991; Rocchia et al., 1996). An important point raised by 
Robin et al. (1991) is that in K-T boundary sediments, the dis- 
tribution of physical tracers such as spinels can be quite differ- 
ent from chemical tracers such as Ir. Whereas the stratigraphic 
distribution of spinels can be influenced only by physical pro- 
cesses such as reworking or bioturbation, Ir can be mobilized 
by diagenesis and can diffuse through sediment pore waters 
(e.g., Wallace et al., 1990; Colodner et al., 1992; Evans et al., 
1993). At different K-T boundary sites, Robin et al. (1991) 
found that spinels are always restricted to a narrow stratigraphic 
interval, while the Ji signal is always dispersed, probably as a 
result of postdepositional chemical processes (Fig. 6). These 
results provide a strong argument for a single, geologically brief 
(<lo0 yr), accretionary event at the K-T boundary that depos- 
ited physical ejecta and was followed by chemical diffusion 
during diagenesis. 
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Figure 6. Ir anomaly in Cretaceous-Tertiary boundary sediments can 
be quite broad, extending into sediments below horizon. However, 
physical ejecta such as spinels are restricted to very thin stratigraphic 
interval. After Robin et al. (1993). 

The stratigraphic distribution of spinels is being examined 
in LL44-GPC3, a large-diameter piston core of pelagic clay 
from the central North Pacific. This core contains a relatively 
complete record of sediment accumulation since the Late Cre- 
taceous (Kyte et al., 1993). Preliminary results from Robin et 
al. (1999) indicate that at least five horizons contain anomalous 
concentrations of spinels. One of these is at the K-T boundary, 
two are from the middle Cenozoic, and two are from the Pleis- 
tocene. Robin et al. (1999) attributed these to impact events, 
but provided no specific criteria to distinguish these as impact 
spherules, as opposed to cosmic spherules. At least one of the 
middle Cenozoic horizons, at 11.2 m depth, also contains abun- 
dant spherules that were studied by Kyte and Bostwick (1995) 
and interpreted as cosmic spherules. This is also nearly coin- 
cident with a peak in extraterrestrial 3He, centered at 11.4 m 
depth in LL44-GPC3 (Farley, 1995). One of these middle Ce- 
nozoic, spinel-rich horizons probably correlates with the spinel- 
rich horizon in Massignano, Italy (Pierrard et al., 1998). 
Whether these spinel horizons are impact deposits, or the result 
of other types of accretionary events, they are valuable tracers 
of the flux of extraterrestrial matter to deep-sea sediments. 

Meteorites. Recovery of actual meteorites provides the best 
information about the composition of extraterrestrial matter ac- 
creted to Earth, because they can be directly compared to po- 
tential source materials. Meteorites and fossil meteorites have 
been described in a number of deposits. Meteorites have been 

recovered from two hypervelocity impacts, the Eltanin oceanic 
and the K-T boundary events. Micrometeorites are now rou- 
tinely recovered in cosmic spherule collections (Engrand and 
Maurette, 1998; Taylor et al., 2000). 

The first fossil meteorite found in ancient sediments was 
Brunflo, a heavily altered 10 cm chondrite found in Ordovician 
limestone (Thorslund et al., 1981, 1984). Relict textures are 
well preserved, but nearly all the precursor minerals in this 
meteorite were replaced by calcite, clays, and other trace 
phases. Only chromites appear to retain their original chemistry, 
and these are used to infer that this meteorite was an H-type, 
ordinary chondrite. Schmitz et al. (1996) recovered 13 addi- 
tional fossil meteorites from these strata, and proposed that the 
accumulation rate of these meteorites and Ir in associated sed- 
iments is higher than in modern sediments and that this is evi- 
dence of a large collision in the asteroid belt during the Ordo- 
vician. 

Numerous meteorite fragments are found in the ejecta layer 
of the Eltanin impact event (Kyte and Brownlee, 1985; Ger- 
sonde et al., 1997; Kyte, 2002a, 2002b). These are typically a 
few millimeters in size, but one individual as large as 1.5 cm 
was recovered. Although most of the coarse ejecta from the 
Eltanin impact is melted asteroidal materials (discussed in the 
following), -7% survived as unmelted meteorites. The mete- 
orites recovered in deposits of the Eltanin impact are polymict 
breccias composed mainly of plagioclase and pyroxene with 
compositions similar to those found in basaltic meteorites; spe- 
cifically the howardites and the silicates of mesosiderites. Be- 
cause of relatively high Ir concentrations in the Eltanin impact 
melt (Kyte and Brownlee, 1985; Kyte, 2000c), the Eltanin as- 
teroid is inferred to be related to mesosiderites, meteorites con- 
taining both basaltic and metallic components (e.g., Mittlefehldt 
et al., 1998). These meteorite fragments provide conclusive evi- 
dence that the Eltanin projectile was from an asteroidal, rather 
than a cometary source. 

Meteoritic materials have also been described in K-T 
boundary sediments. Robin et al. (1993) inferred that irregular 
particles with spinel-rich rims and high Ir concentrations from 
the K-T boundary at DSDP Site 577 may be partially melted 
meteoritic debris. These particles are -250 pm in size, and no 
relict meteorite textures or minerals have been described, but 
Robin et al. (1993) pointed out that similar objects occur as 
partially melted meteorites in cosmic spherule collections. At a 
nearby locality in the western North Pacific, DSDP Site 576, 
Kyte (1998) recovered a 2.5 mm fossil meteorite in the K-T 
boundary. This specimen has chondritic concentrations of Ir, 
Fe, and Cr, as well as relict mineral textures that were inter- 
preted to be from olivine, metal, sulfides, and a fine-grained 
clay matrix. The clay mineral saponite, which is common in 
some carbonaceous chondrites (Zolensky et al., 1993) and IDPs 
(Joswiak et al., 2000), was also found. On the basis of these 
data, Kyte (1998) inferred that the K-T bolide had character- 
istics similar to those of many carbonaceous chondrites, with 
olivine, metal and sulfide in a fine-grained, phyllosilicate-rich 
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matrix. On the basis of the abundances of these phases in this 
small specimen, it was inferred to be most like the CO, CV, and 
CR groups of chondrites. Notably, because the K-T meteorite 
appeared to be from a compact, hydrated object, rather than a 

source over a cometary one for the K-T projectile. This is con- 
sistent with interpretations of provenance for stratospheric IDPs 
discussed herein (Joswiak et al., 2000). 

Ocean impact meltproducts. Deep-ocean impacts of small 
asteroids or comets can produce a unique class of meteoritic 
debris. This is because smaller projectiles cannot penetrate sev- 
eral kilometers of water. In effect, the projectile will not mix 
with silicates from the ocean floor, and melt products will be 
composed almost entirely of meteoritic materials. There may 
also be a similar type of meteoritic materials that are produced 
by objects that cannot penetrate the atmosphere (i.e., atmo- 
spheric impacts), but no extraterrestrial materials from such an 
event have been documented. A classic example of an atmo- 
spheric impact is the Tunguska event of 1908. No unequivocal 
evidence of an extraterrestrial deposit from this event is known 
(Zahnle, 1996). Chyba et al. (1993) proposed that the Tunguska 
explosion was caused by catastrophic disruption of a small 
stony asteroid in the upper troposphere. The ability of a pro- 
jectile to penetrate the atmosphere and impact the ocean is a 
function of its strength, size, velocity, and impact angle (Chyba 
et al., 1993). For stony asteroids, minimum diameters of a few 
hundred meters may be required for projectiles to penetrate 
the atmosphere and impact the Ocean surface with cosmic 
velocities. 

Numerical simulations of deep-ocean impacts (Artemieva 
and Shuvalov, 2002) provide some limits on the size of a pro- 
jectile that will not mix with the ocean floor during a deep- 
ocean impact. For a vertical impact at asteroidal velocities (-20 
Ms), mixing is only likely when the projectile diameter is 
greater than 1/2 of the water depth. For oblique impacts, even 
larger projectiles will not mix with the ocean floor. Given the 
typical water depths of 4-5 km in deep-ocean basins, asteroidal 
projectiles with diameters as large as 2 or 3 km may commonly 
produce silicate ejecta composed only of meteoritic materials 
and seawater salts. However, the compressed water column be- 
neath the projectile can still disrupt and shock metamorphose 
the ocean floor. Given that 60% of the Earth's surface is covered 
by oceanic lithosphere and 500 m projectiles hit the Earth on 
10' yr time scales (Wetherill and Shoemaker, 1982), there must 
be hundreds of oceanic impact deposits in the sediment record 
to be discovered. 

The only known case of a deep-ocean impact event is the 
late Pliocene impact of the Eltanin asteroid. This was originally 
discovered as an Ir anomaly in a sediment core from the sub- 
Antarctic Pacific (Kyte et al., 1981). Ejecta from this impact is 
now known from at least eight sediment cores across at least 
500 km of the ocean floor (Kyte et al., 1988; Gersonde et al., 
1997; Kyte, 2002a). Most of the ejecta is a vesicular melt rock 
composed mostly of asteroidal materials (Fig. 7, A-C; Kyte and 

I porous, anhydrous one, Kyte (1998) favored an asteroidal 
I 

Brownlee, 1985). The only terrestrial component in the ejecta 
is a few percent Na, K, and C1 from seawater salts, the least 
volatile component of the impact target. The salt component is 
clear evidence that the asteroid actually mixed with a seawater 
target. The high vesicularity of the melt is presumably produced 
by water vapor escaping from the melt. On the basis of the 
composition of meteorite fragments that compose several per- 
cent of the ejecta, as well as the content of Ir, Ni, and Fe in the 
melt, Kyte (2002~) inferred that the original asteroid was a me- 
teoritic basalt with -4 wt% metal. Another melt produced by 
this impact formed spherules that are only a trace component 
of the ejecta (Fig. 7, D and E; Margolis et al., 1991). The spher- 
ules are not vesicular and contain only -5 ng/g Ir, as opposed 
to 187 ng/g in the vesicular melt (Kyte, 2002~).  Therefore these 
spherules must have formed under different conditions than the 
bulk of the ejecta, but the causes of these differences are un- 
known. It is conceivable that if ejecta from this impact is ever 
discovered at sites far removed from ground zero, it may be 
dominated by spheroidal rather than vesicular debris. 

The highly vesicular characteristics of oceanic impact 
melts have probably hindered their discovery in sediments, be- 
cause they may be confused with volcanic ash. One possible 
diagnostic criterion could be a very high density of very small 
vesicles that produce a rough surface texture (Fig. 7A). In pol- 
ished section, vesicular melt from a chondritic source should 
contain abundant olivine, an interstitial glass, and an oxide 
phase, as in cosmic spherules (e.g., Brownlee, 1985). Qualita- 
tive energy dispersive analyses in an SEM would easily detect 
Ni, an element unlikely to be from a terrestrial source. 

Isotopic tracers 

Three isotopic systems have been used successfully to trace 
meteoritic matter in sediments. Each system has proven useful 
in measuring different aspects of the accretion of extraterrestrial 
materials on Earth. 

Re-Os system. This system is based on the decay of '"Re 
to lZ7Os (half life, t1,2 = 45.6 b.y.), and the differing geochem- 
ical behaviors of Re and Os (Faure, 1986). The potential of this 
isotopic system as a tracer of extraterrestrial matter was first 
recognized by Turekian (1982) at the first Snowbird Confer- 
ence. While mantle rocks are expected to have an osmium iso- 
topic composition, measured as i870s/1860s, similar to that in 
chondritic meteorites, crustal rocks should have very different 
values. This is because during melting in the upper mantle, Re 
behaves as an incompatible element and has been enriched in 
derivative melts relative to Os, which is concentrated in residual 
mantle solids. Thus, crustal rocks have Re/Os ratios much 
greater than those in the mantle or in chondrites, and the decay 
of the excess lZ7Re has led to high levels of 1870s in the crust. 
Turekian (1982) predicted that if K-T boundary sediments were 
enriched in extraterrestrial matter, they should have '870s/1s60s 
ratios near unity, the value in chondrites, whereas crustal rocks 
should have i870s/'860s at least an order of magnitude higher. 
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Figure 7. Images of melt materi;ils from Eltanin asteroid oceanic impact. A: Secondary electron image of vesicular 
impact melt-rock particle. B: Backscatter electron image of polished section of vesicular impact melt-rock particle. C: 
Portion of B showing glass with olivine crystals. Small white grains are chromite. D: Secondary electron image of 
spherule from Eltanin impact. These spherules commonly have multiple small droplets attached to their surfaces. E: 
Secondary electron image of highly compound spherule from Eltanin impact. F: Backscatter electron impact of polished 
section of Eltanin impact spherule. Skeletal spinels (white) are imbedded in glass groundmass (gray). Black holes are 
probably from olivine that has dissolved. 

Luck and Turekian (1983) confirmed this prediction when 
they found ' 8 7 0 s / l x 6 0 s  ratios of 1.3 and 1.6 in K-T boundary 
clays from the Raton basin, Colorado, and Stevns Klint, Den- 
mark, respectively. In the same study they found that manga- 
nese nodules, which should reflect the seawater composition, 
had ' 870s / ' x60s  ratios ranging from -6 to 8. Although this was 
the first isotopic evidence to support the K-T boundary extinc- 
tion hypothesis, it remained ambiguous because it left open the 
possibility that K-T boundary PGEs were from mantle sources, 
which should have Os isotopic abundances similar to those in 
chondritic meteorites. The discovery of enhanced Ir concentra- 
tions in aerosols from Kilauea, Hawaii (Zoller et al., 1983), 
provided an alternate potential source for the Ir and Os, and 
lent considerable credence to a volcanic alternative to the K-T 
boundary impact model. 

Osmium isotopes have also proven useful in estimating the 
long-term flux of extraterrestrial matter to the Earth (Esser and 
Turekian, 1988; Peucker-Ehrenbrink, 1996). Simple chemical 
methods, such as accumulation rates of Ir or Os in marine sed- 
iments (Barker and Anders, 1968; Kyte and Wasson, 1986), 
essentially provide an upper limit on the meteoritic flux, be- 
cause some fraction of the PGEs in sediments is terrestrial. Os 
isotopes make it possible to model terrestrial contributions from 
crustal and mantle sources. The flux of 37 000 2 13 000 t/yr 
of extraterrestrial matter in Pacific sediments, based on Os iso- 
topes (Peucker-Ehrenbrink, 1996), is probably the best estimate 

available to date. In addition to its application to the flux of 
meteoritic matter, the Os isotopic compositions of sediments 
and seawater have proven to be a useful measure of a number 
of terrestrial processes (e.g., Peucker-Ehrenbrink et al., 1995; 
Ravizza and Pyle, 1997). 

Helium isotopes. Because of their high surface areas rela- 
tive to their mass, interplanetary dust particles have high con- 
centrations of solar-wind implanted He (Rajan et al., 1977), and 
thus 'He/4He ratios much higher than in any terrestrial materials 
(Nier and Schlutter, 1990). Much of this He survives atmo- 
spheric entry and is deposited in deep-sea sediments. Ozima et 
al. ( 1984) found an approximately inverse relationship between 
3He concentrations and the accumulation rate of Pacific surface 
sediments, a relationship that was attributed to the influx of 
interplanetary dust. Ozima et al. (1984) calculated an influx rate 
of only 2000 t/yr, at least an order of magnitude lower than 
other influx estimates (e.g., Barker and Anders, 1968; Kyte and 
Wasson, 1986; Love and Brownlee, 1993; Peucker-Ehrenbrink, 
1996). This is because the 'He is most concentrated in the finest 
fractions of the interplanetary dust complex and is degassed 
from larger particles during atmospheric entry (e.g., Joswiak et 
al., 2000). Although the 'He content of sediments is not a mea- 
sure of the total influx of extraterrestrial matter, it is very useful 
because it is a tracer of the fine fraction of the interplanetary 
dust complex. 

Farley (1995) showed that much of the 'He flux is retained 
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in pelagic clay sediments from the central north Pacific that are 
as old as 70 Ma. He also found an apparent peak both in the 
concentration and flux of 3He in middle Cenozoic sediments. 
This peak in 3He also corresponds to high concentrations of 
cosmic spherules and Ni-rich spinels (Kyte and Bostwick, 
1985; Robin et al., 1999) in the same core (LL44-GPC3). Be- 
cause of the low stratigraphic resolution of North Pacific clays, 
Farley et al. (1998) measured the 3He flux in a high-resolution 
carbonate sequence from the Massignano quarry, Italy. They 
found a five-fold increase in the 3He flux over an interval of 
-2 m.y. in the late Eocene (Fig. 8). These sediments in Mas- 
signano also contain at least one Ir anomaly (and possibly two), 
shocked minerals, and Ni-rich spinel that are related to impacts 
in the late Eocene (Montanari et al., 1993; Clymer et al., 1996; 
Pierrard et al., 1998). The two largest impact structures known 
in the Cenozoic, Popigai and Chesapeake Bay, are also roughly 
coincident with this time interval (Bottomley et al., 1997; Koe- 
berl et al., 1996). Farley et al. (1998) concluded that the only 
possible source for this increase in 'He flux was an increase in 
the interplanetary dust in the inner solar system. Because dust 
particles have a dynamic lifetime of only -1>05 yr before they 
spiral into the Sun, they would need to be continuously replen- 
ished to produce an anomaly for 2 m.y. Farley et al. (1998) 
concluded that the only reasonable source was a comet shower, 
which could have a duration of about 3 m.y. (Hut et al., 1987). 
With this discovery, Farley et al. (1998) presented the first 
physical evidence that required a perturbation of the Oort Cloud 
of comets. This was not detected from major large-body im- 
pacts, but through tracers from fine-grained dust. Mukhopa- 
dhyay et al. (2001) measured 3He in a high-resolution section 
of pelagic limestone from Gubbio, Italy, providing the first de- 
tailed profile of the accretion rate of interplanetary dust from 
the early Maastrichtian to the middle Eocene. Although there 
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appear to be variations in the flux of dust by factors of two or 
more, they found no evidence of new comet showers, as had 
been identified in the late Eocene (Farley et al., 1998). 

Chromium isotopes. Extraterrestrial material can contain 
two types of Cr isotopic anomalies. One of these is based on 
the decay of 53Mn to 53Cr ( t l12  = 3.7 m.y.). Although 53Mn was 
present in the early solar system, it rapidly decayed to extinc- 
tion. The decay products of 53Mn were first discovered in re- 
fractory inclusions from the Allende meteorite, a CV-type car- 
bonaceous chondrite (Birck and Allegre, 1985), and have now 
been identified in a variety of solar system objects (Lugmair 
and Shukolyukov, 1998; Birck and Allegre, 1988). These stud- 
ies have shown that 53Mn was heterogeneously distributed in 
the early solar system and that different types of meteorites can 
have distinct 5'Cr/52Cr ratios (Lugmair and Shukolyukov, 1998; 
Shukolyukov and Lugmair, 1999). Because the Earth homog- 
enized long after the 53Mn decayed, all terrestrial rocks should 
have identical 53Cr/52Cr ratios. The isotopic variations in me- 
teorites are measured as the deviations of the 53Cr/52Cr ratios 
from the standard terrestrial 53Cr/52Cr ratio and are usually ex- 
pressed in E units (1 E is 1 part in lo4, or 0.01%). Thus, by 
definition, the standard terrestrial 53Cr/52Cr is 0 E .  The other 
type of Cr isotopic anomaly is an excess of 54Cr known to occur 
in carbonaceous chondrites (Papanastassiou, 1986; Podosek et 
al., 1997). 

High-precision measurements of 53Cr/52Cr ratios in ordi- 
nary chondrites, differentiated meteorites, and Martian mete- 
orites (SNCs) show that all these extraterrestrial materials have 
an excess of 53Cr relative to terrestrial rocks (Lugmair and Shu- 
kolyukov, 1998), and thus a positive value for E 53Cr for all 
meteorites, except the carbonaceous chondrites (Fig. 9). The 
high-precision measurement of this ratio relies on a second- 
order fractionation correction that is based on a normalization 

Figure 8. Peak in flux of 'He is found in 
late Eocene sediments from Massig- 
nano, Italy. This is roughly coincident 
with at least one Ir anomaly, spherule 
deposits, and two large impact craters, 
Chesapeake Bay (CB) and Popigai (P). 
After Farley et al. (1998). 
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Figure 9. All terrestrial materials, including background sediments 
near impact deposits, have Cr isotopic compositions with E 53Cr = 0. 
Most meteorites have positive E "Cr values, reflecting excess of 53Cr. 
Carbonaceous chondrites have normalized E 53Cr that is negative, re- 
flecting excess of both 5 3 C ~  and "Cr relative to terrestrial samples. 
Samples from Cretaceous-Tertiary (K-T) boundary and Early Archean 
spherule bed have negative normalized E 53Cr, indicating confirmed 
extraterrestrial component similar to that in carbonaceous chondrites. 
After Shukolyukov et al. (2000a). 

to 54Cr. Therefore, when Cr isotopes are measured in carbo- 
naceous chondrites, which have an excess of 54Cr, this frac- 
tionation correction results in a normalized E "Cr that has neg- 
ative values relative to terrestrial rocks (Fig. 9). Thus, high 
precision Cr isotopic analyses can distinguish meteoritic ma- 
terials from terrestrial rocks and carbonaceous chondrites from 
other meteorite groups (Shukolyukov et al., 2000a). 

Shukolyukov and Lugmair (1998) applied this method to 
K-T boundary sediments from Caravaca, Spain, and Stevns 
Klint, Denmark. As expected, background sediments from Car- 
avaca have E 53Cr values indistinguishable from the terrestrial 
value of zero. The K-T boundary clays, however, have nor- 
malized E 53Cr of - -0.4 and are indistinguishable from the 
carbonaceous chondrites Orgueil and Allende (Fig. 9). It took 
18 years from the initial report of anomalous Ir in K-T boundary 
sediments, but this method provided the first unequivocal iso- 
topic proof of an extraterrestrial component in the K-T bound- 
ary. In addition, this work showed that the K-T projectile had 
both anomalous 53Cr and 54Cr and was probably related to the 

carbonaceous chondrites, a result consistent with interpretations 
of relict textures in a fossil K-T meteorite (Kyte, 1998). 

Chromium isotopic data have been obtained on Early Ar- 
chean spherule bed S4 (Shukolyukov et al., 2000a), which also 
has a negative E s3Cr (Fig. 9). This deposit is now clearly iden- 
tified as containing Cr from an extraterrestrial source such as a 
carbonaceous chondrite. Preliminary reports (Shukolyukov et 
al., 2000b) from another spherule bed (S3) indicate that it may 
have a similar source. 

The Cr isotopic method has enormous potential as a tracer 
of extraterrestrial matter. The main limitation of this technique 
is that a significant fraction of the Cr in a sample (perhaps at 
least 30%) must be meteoritic. Thus, Cr isotopes are not useful 
as a tracer of the background flux of extraterrestrial matter, but 
they are useful for ejecta deposits with high Ir and Cr concen- 
trations. One intriguing possibility is that Cr isotopes might be 
able to identify ejecta from a projectile with low concentrations 
of Ir. For example, differentiated meteorites such as howardites, 
eucrites, and diogenites have Ir concentrations at levels typi- 
cally < 1 % of the concentration in chondrites (Mittlefehldt et 
al., 1998), but Cr concentrations 10-100 times higher than in 
typical sediments. Ejecta from the impact of a eucritic asteroid 
would be virtually undetectable using siderophile elements, but 
well within the range of possibility using Cr isotopic analyses. 

CONCLUSIONS 

Much has been learned in the past two decades about the 
accretion history of the Earth. The interplanetary dust complex 
is becoming very well characterized. The finest fraction of this, 
the stratospheric IDPs, are mostly derived from chondritic ma- 
terials. IDPs that are most likely from asteroidal sources gen- 
erally are compact and have hydrated minerals, whereas IDPs 
from cometary sources appear to mostly be porous anhydrous 
aggregates with GEMS. Cosmic spherule collections and as- 
sociated micrometeorites from the coarse fraction of the dust 
complex have characteristics that are compatible with an origin 
mostly from asteroidal material similar to carbonaceous chon- 
drite meteorites. 

The long-term flux of interplanetary dust has been rela- 
tively constant for much of the past 70 m.y., except for a pulse 
in the late Eocene recorded by high concentrations of 3He in 
marine sediments. This is coincident with one or more Ir anom- 
alies, at least two spherule deposits, and two large impact struc- 
tures. Because this pulse of dust persists for at least 2 m.y., this 
is believed to be the signature of a comet shower, triggered by 
a perturbation of the Oort Cloud of comets. Although it is well 
established that the Eocene-Oligocene transition was marked 
by high extinction rates (Raup and Sepkoski, 1984), and rapid 
climate change (e.g., Zachos et al., 1996), these phenomena 
have not been linked to this apparent comet shower by any 
strong physical data. 

Deposits of the major impact event at the K-T boundary 
are now extremely well characterized. The fallout layer from 



Tracers of the extraterrestrial component in sediments and inferences for Earth 's accretion history 35 

the global ejecta probably contained 5%-10% chondritic ma- 
terial, and one carrier of this component is spinel-bearing spher- 
ules. Analyses of a small fossil meteorite, as well as the isotopic 
composition of Cr in K-T boundary sediments, point to a pro- 
jectile similar to carbonaceous chondrites. Physical debris (Le., 
Ni-rich spinels) in the global fallout is restricted to a single 
layer, and there is no strong evidence to support any hypothesis 
other than a single, geologically instantaneous accretionary 
event. This observation, in addition to the apparent lack of an 
increased flux of 3He at the K-T boundary, are strong arguments 
against a comet shower at 65 Ma. That the K-T meteorite is 
more similar to compact, hydrated IDPs than to anhydrous po- 
rous IDPs is also reason to suspect an asteroidal, rather than a 
cometary source for the K-T projectile. 

Very little is known about the meteoritic flux through the 
rest of the Phanerozoic. Exhaustive searches of a number of 
extinction horizons in sediments have failed to find conclusive 
evidence of an extraterrestrial component. At this time, the only 
great mass extinction that can be confidently linked to a major 
impact event is that at the K-T boundary. Considerably more 
work is needed in this area. 

A number of potential impact deposits ranging in age from 
0.6 to 3.4 Ga have been identified in the Precambrian. Most 
spectacular among these are a number of thick spherule deposits 
in the Barberton Greenstone Belt, South Africa. Chromium iso- 
topes have conclusively shown that at least one of these con- 
tains -20% meteoritic material with an isotopic composition 
similar to that of CV chondrites. If other beds can be proven to 
contain high concentrations of extraterrestrial matter, they may 
indicate an extensive record of megaimpacts, possibly by pro- 
jectiles considerably larger than the K-T impactor. 
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